Experiments were run to determine the effect of filtrate from incubated Aphanizomenonflos-aquae on the thoracic appendage beat rate and frequency of postabdominal rejections by Daphnia carinata. Comparisons were made between the response to Aphanizomenon filtrate and to purified saxitoxin (STX). The short-term response pattern to the filtrate included an immediate 30-50% depression of thoracic appendage beat rate and elevation of postabdominal rejection rate followed by slowly decreasing thoracic appendage beat rate and increasing postabdominal rejection rate during the 1 O-min exposure. Animals recovered to pretreatment activity rates in <5 min. A similar response was observed in STX, except that Daphnia began to recover immediately from the thoracic appendage beat rate inhibition. Animals recovered to -60% of pretreatment activity after l-2 h in Aphanizomenon filtrate, whereas in STX they returned to pretreatment activity levels after -1 h of exposure to the neurotoxin. Water from a lake with a winter bloom of A. Jlos-aquae produced the same pattern of thoracic appendage beat rate and postabdominal rejection rate response as seen with the cultured Aphanizomenon. A comparison of responses to STX and the Aphanizomenon filtrate indicates the effect on D. carinata is through chemosensory stimulation rather than neuromotor inhibition.
Filaments or colonies of cyanobacteria can reduce the feeding rates of cladoceran zooplankton by mechanically disrupting the movement of filtering appendages (Burns 1968; Gliwicz and Siedlar 1980) . The cells of smaller cyanobacteria may also contain endotoxins that reduce feeding and result in elevated mortality of Daphnia species (Lampert 198 1; Fulton and Paerl 1987) . Substances can also be released by cyanobacteria into lake water that cause inhibition of feeding rates of zooplankton (Ostrofsky et al. 1983; Burns et al. 1989) . Forsyth et al. (1992) also determined that dissolved feeding inhibitors were produced by Anabaena in laboratory incubations.
Little is known, however, about the chemical nature of the feeding inhibitors produced by cyanobacteria. There is also question as to whether the cyanobacterial toxins are the substances that cause feeding inhibition in zooplankton (e.g. Nizan et al. 1986; Jungmann et al. 199 1) .
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strains of Aphanizomenon flos-aquae isolated from New
Hampshire lakes have been identified as neosaxitoxin (neoSTX) and saxitoxin (STX) -neurotoxins that are also produced by marine dinoflagellates (Ikawa et al. 1989) . In this study we examine the effects of substances released by A. Jlos-aquae on the frequency of thoracic appendage beats and postabdominal rejection movements of Daphnia carinata. Feeding responses are compared to the patterns produced by purified STX to determine whether inhibition could be accounted for by this toxin.
Methods
Culture methods and jiltrate preparation -Batch cultures of A. flos-aquae (NH-1 strain) were grown in ASM-1 medium (Carmichael and Gorham 1974) at 22-25°C and under fluorescent lights ("cool-white") at + 50 quanta m-2 s-l. Cultures were diluted 50% with fresh medium every 2-4 weeks to keep them in an active growth phase. NH-1 is a toxic strain that occurred in a farm pond near Durham, New Hampshire, and was isolated by W. Carmichael in 1980. Toxins produced by NH-1 Aphanizomenon consist of -90% neoSTX and 5-10% STX (Ikawa et al. 1982; Sasncr et al. 1984) . We isolated and purified saxitoxin from marine clams (Mya arenaria) that had accumulated the toxin during a bloom of red tide (Gonyaulux tamarensis), using the method of Buckley et al. (1975) .
Filaments of Aphanizomenon were incubated in glassfiber-filtered lake water taken from oligotrophic Merrymeeting Lake, New Hampshire, to provide a natural water medium that lacked Aphanizomenon and had few other cyanobacteria. For each incubation, 25 ml of 2-3-weekold Aphanizomenon culture were passed through a Whatman GF/C filter at low vacuum (-10 to -100 mbar) and 263 rinsed three times with Merrymeeting Lake water. Filaments of Aphanizomenon were then washed from the filter into 200 ml of GFK-filtered Merrymeeting Lake water, adjusted to 20 mg dry wt liter-l, and incubated under the above culture conditions. Unless otherwise indicated, incubations were made for 21 h. About l-2 h before each experiment the incubated Aphanizomenon suspension was passed through a Whatman GF/C glassfiber filter. A suspension of this filtrate containing 1 x lo3 Chlorella cells ml-* was then used to assess the effect on Daphnia. Control water consisted ,of a suspension of
Merrymeeting
Lake water GF/C filtrate containing 1 x 10" Chlorella cells ml-l. The pH of the final suspensions of control water, Aphanizomenon filtrate, and STX was between 8.1 and 8.5. Initially, we tested whether inhibitory effects might be caused by bacteria passing through the GF/C filtrate by cornearing thoracic appendage beat rates of D. carinata in filtrates from GF/C and 0.45~pm Millipore membrane filters. There was no significant difference (P < 0.05) in the percentage decrease in thoracic appendage beat rates in the two filtrates (GF/C, 42.5 & 1.8 SD vs. Millipore, 39.2k2.1 SD, n = 5, ANOVA of arcsine-transformed data), suggesting that bacteria passing through the filters into the filtrate were not responsible for the inhibition.
One experiment was conducted to test the effect of varying Aphanizomenon incubation time on the rates of Daphnia appendage movements. In this experiment, incubations of six 200-ml suspensions of Aphanizomenon (20 mg dry wt liter-') were begun at the same time, using the same light and temperature as for the batch cultures described above. One incubation flask was removed at each of the 0.03-, 21-, 45-, 89-, 113-, and 184-h incubation times and passed through a GFK filter, as described above. In the shortest incubation (0.03 h) we placed the Aphanizomenon into the lake water and immediately filtered the suspension, exposing the filaments to the lake water for -l-2 min.
In the experiments that measured the Daphnia response over 4-6 h, after the first hour we prepared fresh filtrate suspensions before every hourly observation by removing 10 ml of Aphanizomenon filtrate or STX from reftigeration (2"C), warming it to 20°C and adding to it a 50-~1 aliquot of Chlorella cells suspended in GF/C-filtered Merrymeeting Lake water to bring the mixture to 1 x lo3 cells ml-* .
Daphnia bioassay-The animals used in the experiments were descendants of D. carinata collected in Lake Rotongaio, New Zealand, in 1987. We selected this Daphnia strain because other studies had demonstrated the sensitivity of this population to cyanobacteria (Burns et ai. 1989; Forsyth et al. 1992) . Daphnia was cultured in l-liter beakers with daily additions of xenic mixed algal culture, mainly Scenedesmus and Chlorella. Experimental animals were taken from 2-3-week-old cohort cultures started from 1 -d-old offspring of several female daphnids. Daphnids used in this study were ovigerous females with a body length between 1.9 and 2.2 mm (top of head to base of tail spine).
About 30-45 min before each experiment, three to five Daphnia were pipetted from the cultures and placed into a beaker containing 300 ml of the control water. After 30 min, each daphnid was transferred to a drop of control water in a 50-ml watchglass. The animal was affixed to the bottom of the watchglass by sliding the animal's dorsal carapace against a 0.2-0.3-mm-wide line of petroleum jelly (Vaseline) that had been extruded from a syringe needle. Five milliliters of control water were added and the daphnids were tilted upright to permit viewing into the ventral carapace opening. Animals with dented carapaces or whose antennae became entangled with Vaseline were not used.
Animals were viewed with a video camera and 4 x macro lens, using diffuse, low intensity (N 10 quanta m-2 s-l) fiber-optic illumination transmitted from below the animal. Thus, the animal was oriented with its back toward the light in the normal position for the dorsal light response (Ringelberg 1987) . Thoracic appendages beats and postabdominal rejections were recorded by viewing the animal on a 35-cm video monitor. Short-term responses were measured in a timed sequence in which daphnids were exposed to a IO-min period of control water, followed by 10 min in the treatment water and 10 min back in the control water to evaluate recovery (lolo-10 bioassay). The protocol for the assay began with the addition of 10 ml of the 1 x lo3 Chlorella cells ml-l suspension (t = 0 min). After 5 min, three consecutive 1 O-s counts of thoracic appendage beats and postabdominal rejections were made, followed by a 4.5-min wait and three consecutive 1 O-s counts (t = 10.5 min). Immediately, the ChZoreZZa suspension was withdrawn with a pipet and replaced with 5 ml of 1 x lo3 Chlorella cells ml-r suspended in Aphanizomenon filtrate or STX enriched water (t = 11.3 min). After allowing 20 s for the Daphnia to adjust to the disturbance, a 10-s count was done, repeated every 20 s for 10 min. At t = 22.3 min, the treatment water was removed, a 1 O-s count was started after 20 s, followed by a 20-s wait and repeated for 10 min. This procedure was repeated for each of the daphnids used in each experiment. Each daphnid measured was prepared in a separate watchglass and, within each experiment, was considered a replicate. Control animals were treated as described above, including the siphoning off and replacement of suspensions, except that control animals received only GF/C filtered Merrymeeting Lake water with 1 x lo3 Chlorella cells ml-l.
To test the effect of prolonged exposure of Daphnia to the filtrate and STX, we extended the exposure to 6 h in one experiment with Aphanizomenon filtrate and to 4 or 6 h in three experiments with STX. Observations of appendage movement rates were made once every hour after the first 60 min and consisted of three 10-s counts made every 20 s. In these experiments, we were concerned with possible decreases in the potency of the Aphanizomenon filtrate and STX solution and reductions in the ChZoreZZa concentration. Fresh suspensions were prepared before each hourly observation, as described above. One minute before each hourly observation, the old suspension was pipetted out of the watchglass and replaced with the fresh mixture. Thus, response changes after 1 h during these experiments could not be attributed to aging suspensions. Also, at 1,000 cells ml-I, minor changes in food concentration due to settling or feeding during the hour intervals should have little influence on Daphnia appendage beats, since filtering rates are maximal at such low concentrations.
Single-factor ANOVA was used to test for significant differences in the responses between pre-and posttreatment and treatment in the lo-lo-10 bioassay and exposure to high and low STX concentrations. If significant at P < 0.05, it was followed by Tukey's HSD pairwise comparisons of means (Wilkinson 1990) . Rates used in the ANOVA were averages for an individual for each test period, so that there were 3-5 replicates for each condition. All thoracic appendage beat rates and postabdominal rejection rates used in ANOVA were log,,-, transformed to equalize variances.
Results
Response to AphanizomenonfiltrateWith the lo-1 O-10 bioassay, the thoracic beat response of D. carinata followed a characteristic pattern of an almost immediate decrease to a lower frequency and rapid and complete recovery to pretreatment frequency of beating (Fig. 1) . In both experiments with filtrate of Aphanizomenon, the initial 25-30% drop in thoracic appendage beat rate was followed by a further gradual decline in thoracic activity reducing the activity an additional -10-l 5%. The recovery to pretreatment thoracic appendage beat rate levels took only l-2 min, although rates continued to increase during the 1 O-min posttreatment period. Final thoracic appendage beat rate averaged for the posttreatment period did not differ significantly (P < 0.05) from the pretreatment rates. Postabdominal rejection rates quickly elevated after Aphanizomenon filtrate was added (Fig. 1) .
Unlike the thoracic appendage beat rate response, postabdominal rejection rates did not show any patterns of change within either the treatment or posttreatment periods.
Efict of Aphanizomenon incubation time-To simplify the presentation and analysis of the data, we averaged the observations in each of the three bioassay periods (Fig. 2) . Incubations from 0.03 to 184 h resulted in the characteristic response pattern of thoracic beat inhibition and stimulation of postabdominal rejection. Pre-and posttreatment thoracic appendage beat rate did not differ in any of the incubation time experiments. Thoracic appendage beat rate and postabdominal rejection rate in the Aphanizomenon filtrate were significantly different (P < 0.05) from pre-and postcontrols at all incubation times except for the shortest incubation in which the Aphanizomenon filaments were only briefly exposed to the incubation water. Maximum response measured as percentage change was seen at 45 h of incubation (Fig. 3) . Longer incubation times up to 184 h reduced the filtrate effect on both thoracic appendage beats and postabdominal rejections.
Efect of exposure time in Aphanizomenon jiltrateThe effects of prolonged exposure to Aphanizomenon fil- trate were examined by extending the treatment period of the lo-lo-10 bioassay. When kept in the Aphanizomenon filtrate for 6 h, D. carinata recovered partially during the exposure (Fig. 4) , increasing thoracic appendage beat rate from 42 beats per 10 s immediately after the filtrate was added to a relatively constant rate of 49 beats per 10 s after 2 h. After Aphanizomenon filtrate was replaced by control water, thoracic appendage beat rate returned to pretreatment levels of above 50 beats per 10 s.
STX response curves -Thoracic appendage movements of D. carinata decreased rapidly (by -30% of the control levels) and postabdominal rejections increased when STX was added (Fig. 5) . This was followed, however, immediately by a slow recovery of both responses and a full recovery after the return to Chlorella suspension without STX.
The ephemeral effect of STX on D. carinata feeding movements was also clearly seen in 4-and 6-h exposures at 200 and 2,000 ng ml-l (Fig. 6 ). Recovery to pretreatment levels occurred in -l-2 h. The lo-fold increase in STX concentration resulted in greater initial thoracic beat depression (-50 vs. 30%), but recovery was not prolonged by the higher STX content of the water.
STX concentration -Thoracic appendage beat rate decreased with increasing concentration of STX for the six concentrations from 2 to 2,000 ng ml-' (Fig. 7) . Postab- dominal rejection rate increased with STX concentration, observed with significant (P < 0.05) effects on both apalthough there appeared to be some reduction at the highpendage movements only at the highest STX concentraest level.
tion. Feeding responses recovered completely when STX We examined the recovery from STX by sequential 1 Owas removed. We did not reverse the experiment to see min exposures of D. carinata to 2 and then 200 ng ml-' whether the response would differ if the animals had been STX (Fig. 8) . Dose proportional responses were again subjected first to the higher concentration. Clement's Pond bloom-During this study we were alerted to a under-ice winter "bloom" of A. flos-aquae.
The thoracic appendage beat rate and postabdominal rejection rate response of D. carinata to filtrate from lake water collected in this bloom was remarkably similar to the responses to the filtrate from our laboratory culture of Aphanizomenon, with an initial reduction in thoracic appendage beat rate of N 35% for the treatment and a subsequent 15% decline (Fig. 9A , cf. reductions of 8 and 5% that did not differ significantly (P < 0.05) from the pre-and posttreatments (Fig. 9B,C) .
Discussion
Measurements of the frequency of thoracic limb beats and postabdominal rejections do not indicate the amount of food consumed or utilized, but they can give insights into the feeding behavior not afforded by measurement of clearance rates and assimilation. Aphanizomenon is generally considered to be nutritionally poor as a food for Daphnia (Lampert 198 1; Holm et al. 1983 ), but there is little evidence of its inhibitory or toxic effect on daphn- ids. We demonstrate in this study that thoracic appendage beat rates of D. carinata exposed to Aphanizomenon filtrate were inhibited by 30-50%. These inhibitory effects are comparable to those shown for D. carinata exposed to filtrate produced by incubated Anabaena minutissima (Forsyth et al. 1992 ) and Microcystis aeruginosa (Haney et al. 1994 ) isolated from New Zealand lakes. We have also shown that lake water from a naturally occurring bloom of Aphanizomenon produces a pattern of thoracic appendage beat inhibition and postabdominal rejection activity that matches closely that produced by a laboratory culture of Aphanizomenon. Burns et al. (1989) found filtering rates of zooplankton were inhibited up to -50% by substances dissolved in lake water collected from a bloom of A. minutissima.
Release of inhibitors by Aphanizomenon occurs rapidly as demonstrated by the response of Daphnia to water that had been exposed to the cyanobacteria filaments for only l-2 min. The maximum effect OfAphanizomenon filtrate was observed at 45 h of incubation, with decreased inhibition of thoracic appendage beat rate and reduced stimulation of postabdominal rejection rate at longer incubation times. This effect was probably the result of incubations in nutrient-poor water that did not support continued photosynthesis and growth of the cyanobacteria. When using filtration techniques, one can never rule out the possibility that substances were released because of damage to the cells during filtration. We attempted to minimize this problem by using a very low vacuum of less than -100 mbar during filtration. Also, one might expect as cultures in the incubation aged they would become more susceptible to breakage and this would result in greater inhibition, but inhibition of thoracic appendage beat rate decreased at the longest incubation times (Figs.  2 and 3) . Thus, it is likely that these inhibitory compounds are metabolites released by living cells, rather than substances resulting from breakage or cell decomposition.
Purified STX also causes inhibition of D. carinata thoracic appendage beats that is rapid, reversible, and comparable in strength of response to that produced by ing" action in the filtering area. Elevated rejections are not only a response to excessive food (McMahon and Rigler 1963) and filaments (Burns 1968) or, as previously assumed, the presence of toxic cells in the food groove (Lampert 198 1) . Our findings suggest that chemicals in the water play an important role in feeding by Daphnia.
This conclusion contrasts with studies using artificially flavored beads that indicate cladocerans have poor abilities to discriminate food on the basis of taste (Kerfoot and Kirk 1991) .
The recovery of thoracic beat and postabdominal rejection responses when exposed to Aphanizomenon filtrate for roughly an hour or more and the more rapid recovery from STX exposure raises important questions concerning the mechanism involved as well as the adaptive significance of the reaction. There are at least two different pathways by which STX could cause feeding inhibition.
The simplest and most direct effect would be for the STX to come into contact with motor nerves controlling the feeding appendages, causing a reduction in the rate of appendage movements. For example, when applied to the axon membrane of squid or crayfish giant axons, STX blocks sodium channels, thereby interfering with nerve impulse conduction; such effects are completely reversible (Adelman et al. 1982; Sasner et al. 1984 ).
This hypothesis is not supported by our findings, for there should be continued inhibition via blocked nervous action potentials until STX is removed. Exposure of the animals to freshly prepared STX solution before each observation after the first hour excludes the possibility that the recovery was due to a degradation of STX during these experiments. Also, if STX were blocking the nerve impulse conduction, one would expect an inhibitory response by all affected appendages, whereas we found an increased activity of the postabdomen. Another possible pathway could involve the stimulation of sensory nerves by STX, which could also result in an almost immediate reaction to the presence of a chemical cue. Acclimation of sensory receptor nerves exposed to a constant concentration of STX could produce the gradual lessening of response that we observed. A mixed repertoire of inhibitory and stimulatory response, as we observed for the thoracic and postabdomen appendages, is also consistent with the postulate that STX acts as a chemosensory cue causing behavioral changes in feeding activities rather than as a direct inhibitor of motor activity.
Is the inhibition of feeding activities in Daphnia caused by STX released by Aphanizomenon? The effects observed in STX were independent of other products released by Aphanizomenon, since the STX used was pu- In contrast to their full recovery in STX, however, Daphnia in Aphanizomenon filtrate had a short-term period of increasing inhibition followed by only partial recovery to pretreatment levels of activity after several hours (Figs. 1 and 5), indicating additional substances were released by Aphanizomenon.
Our results indicate that the Daphnia feeding inhibition caused by Aphanizomenon is primarily a behavioral response to neurosensory stimulation.
Aphantoxins produce inhibition of thoracic appendage beats and increased postabdominal rejections. Although toxins may be involved, we use the term inhibition to describe the thoracic appendage beat response and have refrained from the use of the term toxic that in zooplankton studies is often rified from toxic clams that had been exposed to a marine red-tide bloom of G. tamarensis. Responses ofD. carinata to Aphanizomenon filtrate and STX were similar in the degree of inhibition and the tendency to recover from exposures of > 1 h. If the inhibition was caused by a toxin that Aphanizomenon released into the water it would likely be neoSTX, which constitutes m 90% of the aphantoxin produced by the NH strain used in this study (Ikawa et al. 1989 ). The two aphantoxins, STX and neoSTX, are nearly identical, differing by only a single OH group (Ikawa and Sasner 1990) and having equipotency for the rate of neural inhibition in amphibian muscle fibers (Kao and Walker 1982) and squid giant axons (Adelman et al. 1982 ). j B TIME (min) TIME ( operationally defined as an increase in death rates in a suspected toxin relative to a reference condition with no food (Lampert 198 1; Gilbert and Durand 1990) . It is possible that the Aphanizomenon filtrate and the STX may cause higher death rates than Daphnia would experience in a suspension without food, but we did not examine this.
It is well established that cyanobacteria present in lakes as small colonies can lower the feeding rates of cladocerans by entering the filtering chamber and interfering mechanically with the collection mechanism (e.g. Gliwicz and Siedlar 1980) . Interference of filter feeding by Aphanizomenon filaments can even result in a complete halt in body growth in Daphnia (Gliwicz 1990 ). The reduced feeding caused by waterborne chemicals in our study would not exclude additional feeding inhibition if the filaments of Aphanizomenon or other cyanobacteria were also present. Reductions in feeding rate caused by the dissolved substances released by Aphanizomenon would result in a reduction in feeding by -30-50%, assuming that feeding rate is proportional to the rate of movement of the thoracic feeding appendages. This is probably an underestimate of the actual feeding inhibition, since the increased rejection of food from the filtering chamber and food groove by the postabdomen would further reduce the amount of food eaten. The reduction of food collection caused by the chemical inhibitor might ameliorate the deleterious effects of filaments by reducing not only the amount of water, but also the number of filaments drawn into the thoracic filtering chamber of the Daphnia.
The elevated postabdominal rejection rates of Daphnia also suggest that the responses we have observed may be an adaptation to avoiding interference of feeding by cyanobacteria colonies.
Blooms of cyanobacteria in drinking water are often recognized by the tastes and smells of compounds released into the water. A number of volatile organic substances found in lake water have been correlated with the seasonal appearance of Aphanizomenon gracile (Jiittner 1984) . Fatty acids have been implicated as toxic and defensive agents in aquatic systems (see Ikawa 1989) . Such compounds could serve as chemical cues for zooplankton grazers, allowing for rapid sensing and response to the presence of noxious food.
Our study clearly demonstrates that Daphnia can detect cyanobacteria without first ingesting them. This finding suggests Daphnia have evolved a chemosensory mechanism that immediately reduces the likelihood of eating nutritionally inadequate or toxic food by simultaneously reducing food collection and increasing the rejection of food taken in. In a spatially heterogeneous lake, an ephemeral feeding inhibition response may provide valuable time until a more favorable feeding environment is encountered. Such an adaptive mechanism would be even more effective if it functioned in concert with a swimming reaction that also removed the animal from regions of cyanobacteria concentration.
Preliminary observations support this idea. Both the amplitude and the direction of swimming were affected when D. carinata swam into a layer of STX placed in laboratory columns with diffuse light from above (Haney 1993 
